seed oils have suggested that sciadonic acid can replace arachidonic acid in tissues and cells. Endo et al. 8 observed that torreya Torreya nucifera seed oil containing sciadonic acid decreased triacylglycerol TAG levels in the plasma and liver of rats. Ikeda et al. 9 reported that Biota orientalis seed oil containing juniperonic and sciadonic acids lowered the contents of rat liver TAG and plasma cholesterol. Two studies on the concentration of PLA from pine nut oil by enzymatic methods have been performed in our laboratory. It was reported that PLA was predominantly esterified at the sn-3 position of pine nut oil TAG 10 . In the first study 11 , Novozym 435 from Candida antarctica in the presence of ethanol showed sn-3 regiospecificity with respect to pine nut oil TAG and PLA was concentrated in the fatty acid ethyl ester fraction from 13 mol of starting materials to 39 mol . In the second study 12 , PLA was concentrated to 43 in the unesterified fatty acid fraction via selective esterification of lauryl alcohol and fatty acids from pine nut oil using C. rugosa lipase.
There have been several reports on the lipase-catalyzed enrichment of n-3 PUFAs using Lipozyme RM IM from Rhizomucor meihei as a biocatalyst 13 15 . For example,
Halldorsson et al. 13 reported that DHA was concentrated to ca. 71 via the esterification of tuna oil fatty acids with glycerol using Rhizomucor miehei lipase. Baik et al. 14 reported that stearidonic acid SDA was concentrated by Lipozyme RM IM-catalyzed esterification of echium oil fatty acids with ethanol. Lee et al. 15 reported that high-purity DHA purity 100 from microalgae was obtained via a lipase-catalyzed esterification with Lipozyme RM IM in a packed-bed reactor.
In this study, Δ5-OA was effectively concentrated by lipase-catalyzed esterification with fatty acids from pine nut oil and ethanol using Lipozyme RM IM as a biocatalyst. To optimize the lipase-catalyzed esterification for concentration of Δ5-OA, the molar ratio of fatty acid to ethanol, temperature, and amount of added water were investigated as parameter studies by monitoring the time course of these reactions. Lipase-catalyzed esterification was repeated three times to obtain highly purified Δ5-OA.
MATERIALS AND METHODS

Materials
Pine nut oil was purchased from the K-Omega Co., Ltd. Chungcheongbukdo, Republic of Korea . Lipozyme RM IM from R. miehei was purchased from Novozymes Seoul, Republic of Korea . Silica gel 60 for column chromatography was purchased from Merck KGaA Darmstadt, Germany . All other chemicals used in this study were analytical grade, unless otherwise stated.
Preparation of Fatty Acids from Pine Nut Oil
Pine nut oil was initially converted to fatty acids, which were used as the substrate. Pine nut oil 150 g was added to a solution of sodium hydroxide 60 g in a mixture of distilled water 150 mL and ethanol 99 , 450 mL . The mixture was refluxed with stirring at 500 rpm for 1 h and then transferred to a 2 L separatory funnel. Distilled water 300 mL was added to the saponified mixture. The aqueous layer containing the saponifiable material was acidified by addition of aqueous 6 N HCl to pH 1.0 to release the free fatty acids. The lower layer was discarded, and the upper layer containing the fatty acids was extracted into n-hexane 300 mL and washed twice with distilled water 150 mL . The n-hexane layer containing the fatty acids was dried over anhydrous sodium sulfate. n-Hexane was removed from the fatty acids by evaporation at 40 with a rotary evaporator. The residual solvent in the fatty acids was removed completely by nitrogen flushing in a water bath at 65 .
Lipase-Catalyzed Esteri cation
Lipase-catalyzed esterifications were performed in a solvent-free system using a 50 mL water-jacketed glass vessel. The vessel was preheated to the desired temperature with a water circulator. Lipozyme RM IM was used as a biocatalyst. A portion of the fatty acids from the pine nut oil and 99.9 ethanol were placed in the vessel with the desired amount of water or without water. The reaction was initiated by addition of the enzyme to the substrate mixture with stirring at 300 rpm. Samples 100 μL were withdrawn periodically from the reaction mixture and dissolved in chloroform 300 μL . Individual samples were then filtered through a 0.45 μm nylon microfilter Pall Corporation, Port Washington, NY, USA to completely remove the enzyme and then analyzed by thin-layer chromatography and gas chromatography. The second and third reactions were performed repeatedly with the unesterified fatty acid fractions from the first and second reaction mixtures, respectively. The repeated reactions were performed under the optimum conditions determined for the first reaction. All experiments were conducted in duplicate.
Separation of Reaction Product after Lipase-Cata-
lyzed Esteri cation Before the second and third reactions, the unesterified fatty acid fractions were separated from the reaction mixtures of the first and second reactions, respectively, by saponification and subsequent acidification. A scaled-up reaction was conducted under the optimum conditions for the first reaction. A portion of the fatty acids 325.6 g, 1.2 mol from the pine nut oil and 99.9 ethanol 374.4 g, 8.1 mol were placed in a 1 L water-jacketed glass vessel without addition of water and the vessel was preheated to 25 . The reaction was initiated by addition of 5 enzyme with respect to the total substrate weight, with stirring at 500 rpm. The Δ5-OA -concentrated fatty acid fraction was separated by neutralization of the first reaction mixture, which contained free fatty acids, fatty acid ethyl esters, and ethanol. The reaction mixture 100 g was dissolved in n-hexane 1 L and the resulting solution was filtered through anhydrous sodium sulfate to remove the enzyme and any residual water. The filtrate was collected and transferred to a 2 L separatory funnel together with a 1.9 w/v sodium hydroxide solution 200 mL and 95 ethanol 200 mL . The lower layer was collected, placed in a second separatory funnel, and was washed with n-hexane 1 L . A 6 N HCl solution 40 mL was then added to acidify the mixture, and the fatty acid fraction was recovered by extraction with n-hexane 200 mL . The n-hexane solution containing the fatty acid fraction was washed several times with distilled water and then filtered through anhydrous sodium sulfate. The solvent was removed in vacuo to give the fatty acid product and a stream of nitrogen gas was passed over the product mixture to remove any residual solvent.
Product Analysis
The sample 35 μL was dissolved in chloroform 105 μL and loaded on to thin-layer chromatography plates. The plates were developed with a mixture of petroleum ether, diethyl ether, and acetic acid 100:20:1, v/v/v . The plates were subsequently developed with a 2,7-dichlorofluoroscein solution 0.2 in 95 methanol to enable visualization of the fatty acid and fatty acid ethyl ester fractions. The corresponding methyl esters were prepared using 14 BF 3 in methanol. Samples 1 μL of the extract were injected into a gas chromatographic system model 3800; Varian Inc., Palo Alto, CA, USA equipped with a Supelcowax 10 fused-silica capillary column 30 m 0.32 mm i.d.; Supelco, Bellefonte, PA, USA . A flame ionization detector FID was used for the analysis. The injector and FID temperatures were set at 240 and 250 , respectively. The column temperature was held at 180 for 1 min and then increased to 210 at a rate of 1.5 /min. Helium at a flow rate of 1.5 mL/min was used as the carrier gas and the split ratio was 1:50. The fatty acid methyl esters were identified by comparing their retention times with those of known standards. Heptadecanoic acid 0.2 mg was used as an internal reference standard.
The Δ5-OA content mol in the unesterified fatty acid fraction and yield mol of Δ5-OA in the unesterified fatty acid fraction were calculated as follows: where a is the number of moles of fatty acids in the reaction mixture, b is the number of moles of Δ5-OA in the unesterified fatty acids in the reaction mixture, and c is the number of moles of Δ5-OA in the fatty acid ethyl esters in the reaction mixture. In thus study, Δ5-OA is defined as the sum of taxoleic acid C18:2 Δ5,9 , PLA C18:3 Δ5,9,12 , and sciadonic acid C20:3 Δ5,11,14 .
RESULTS AND DISCUSSION
Effects of Molar Ratio
The effects of the molar ratio of the substrates on the Δ5-OA content and yield in the unesterified fatty acid fraction obtained via lipase-catalyzed esterification as a function of reaction time are shown in Fig. 1 . The fatty acid:ethanol molar ratio was tested in the range 1:1 to 1:9. For these experiments, the temperature, amount of added water, and enzyme loading were set at 25 , 0 no added water , and 5 of the total substrate weight, respectively.
At a molar ratio of 1:1, during the first 1 h of the reaction, the Δ5-OA content in the unesterified fatty acid fraction increased from 17 mol of starting material to 28 mol . However, no further increase in Δ5-OA content was observed when the reaction time was increased from 1 to 8 h.
The maximum Δ5-OA content at each molar ratio increased significantly with increasing molar ratio from 1:1 to 1:5, although longer reaction times were required to achieve the maximum values. In addition, there was a steady increase in the maximum Δ5-OA content when the molar ratio was increased from 1:5 to 1:7 and the maximum Δ5-OA content of ca. 51 mol was obtained at 6 h. However, no significant difference was observed between the maximum Δ5-OA contents at 1:7 and 1:9, and similar yields of ca. 40 mol were obtained. In addition, the time needed to reach the maximum Δ5-OA content at a 1:9 molar ratio was longer than that at 1:7. Gudmynder et al. 16 reported that excess alcohol can decrease the activities and performances of lipases because many lipases do not tolerate polar conditions. A similar result 15 was observed in a previous study, in which DHA was concentrated from microalgae oil by lipase-catalyzed ethanolysis in a packed bed reactor. On the basis of these results, a molar ratio of 1:7 was selected as the optimum condition for Δ5-OA concentration via lipase-catalyzed esterification.
Effects of Temperature
The reaction temperature is a key factor in lipase-catalyzed esterification because it effectively controls the activity and selectivity of the enzyme. In general, increasing the temperature induces an increase in the reaction rate. However, extremely high temperatures can cause a reduction in the enzymatic activity and irreversible denaturation of the enzyme protein 17 . Furthermore, the optimum temperature for an enzymatic reaction varies depending on the reaction conditions, the type of enzyme, and melting points of the reactants 18 .
The effects of temperature on the Δ5-OA content and yield in the unesterified fatty acid fraction obtained via lipase-catalyzed esterification as a function of reaction time are shown in Fig. 2 . The temperature range tested was 15-45 . For these experiments, the fatty acid:ethanol molar ratio, amount of added water, and enzyme loading were set at 1:7, 0 no added water , and 5 of the total substrate weight, respectively.
The Δ5-OA content decreased sharply as the temperature decreased from 35 to 45 . A previous study of the effect of temperature on the concentration of DHA from tuna oil showed that an increase in temperature led to a decrease in the selectivity of the enzyme in DHA concentration with Lipozyme RM IM 19 . In the temperature range 15-35 , the maximum Δ5-OA content was achieved in 6 h and then the Δ5-OA content in the unesterified fatty acid fraction decreased. The highest Δ5-OA contents were obtained at temperatures of 15 and 25 , and there was no significant difference between the maximum Δ5-OA contents at these temperatures. The optimum temperature for an enzymatic reaction differ depending on the type of substrate, the type of reaction, and the type of reactor, even if the same enzyme is used. Baik et al. 14 reported that in experiments on the concentration of SDA by Lipozyme RM IM-catalyzed esterification of echium oil fatty acids with ethanol, the maximum SDA content was achieved at 30 . However, Rahmatullah For these experiments, the temperature, amount of added water, and enzyme loading were kept at 25 , 0 , and 5 of the total substrate weight, respectively. All experiments were performed in duplicate. Fig. 2 Effects of temperature on Δ5-OA content a and Δ5-OA yield b in unesterified fatty acid fraction after Lipozyme RM IM-catalyzed esterification as function of reaction time. For these experiments, the fatty acid:ethanol molar ratio, amount of added water, and enzyme loading were kept at 1:7, 0 , and 5 of the total substrate weight, respectively. All experiments were performed in duplicate.
et al. 20 found that 50 was the optimum temperature for GLA concentration via Lipozyme RM IM-catalyzed esterification of borage oil fatty acids with 1-butanol in n-hexane as the solvent. The highest Δ5-OA content, ca. 51 mol , was achieved at temperatures of 15 and 25 ; a temperature of 25 , i.e., room temperature, is more efficient because of the energy costs associated with cooling. Moreover, the Δ5-OA yield at 25 was higher than that at 15 for a reaction time of 6 h. We therefore selected 25 as the optimum temperature for Δ5-OA concentration, because of cost considerations.
Effects of Additional Water
The water content of the reaction mixture is generally a significant factor when a lipase is used as a catalyst for esterification. Lipase-catalyzed reactions require appropriate amounts of water to maintain the catalytic activity and enzyme structure 21 . However, the use of too much water can cause a decrease in lipase activity and an increase in by-product formation 22, 23 .
The effects of additional water on the Δ5-OA content and yield in the unesterified fatty acid fraction obtained via lipase-catalyzed esterification as a function of reaction time are shown in Fig. 3 . The added water content range tested was 0 to 1 of the total substrate weight. A charge of water was added to each reaction at the beginning of the process. For these experiments, the fatty acid:ethanol molar ratio, temperature, and enzyme loading were set at 1:7, 25 , and 5 of the total substrate weight, respectively.
As the amount of water added increased from 0 to 1 , the maximum Δ5-OA content in the unesterified fatty acid fraction decreased, but the time to achieve the maximum Δ5-OA content was shorter. Furthermore, the Δ5-OA yield from the reaction with no added water was higher than those obtained with water contents of 0.25 to 1 , when the Δ5-OA content in the unesterified fatty acid fraction reached the maximum value. The highest Δ5-OA content 51 mol was achieved in 6 h for the reaction with no added water 0 . These results indicate that the additional water has no effect on Δ5-OA concentration. Additional water in the reaction mixture led to an increase in the reaction rate, but could have an adverse impact on the selectivity of the enzyme.
The enzymatic activity depended on the amount of water in the reaction medium and the optimum amount of added water varied depending on the type of reaction. In esterifications using lipase from R. miehei, additional water improves the selectivity of the lipase and facilitates the reaction 19, 24, 25 .
However, Baik et al. 14 reported that the lipase from R.
miehei exhibits better activity for selective concentration of SDA from echium oil in the absence of added water. This result is consistent with those of our present study. Consequently, on the basis of the Δ5-OA content and yield, no added water 0 was identified as the most effective condition for Δ5-OA concentration.
Repeated Lipase-Catalyzed Esteri cations
In the first reaction, a maximum Δ5-OA content of ca. 51 mol with a Δ5-OA yield of 40 mol was achieved under the optimum conditions.
For further Δ5-OA concentration, repeated lipase-catalyzed esterifications were performed. The Δ5-OAconcentrated fatty acids from the first reaction were used as the substrate in the second reaction. The Δ5-OAconcentrated fatty acids from the second reaction were then used as the substrate for the third reaction. The repeated reactions were carried out under the optimum conditions for the first reaction.
The effects of repeated reactions on Δ5-OA concentra- Fig. 3 Effects of added water on Δ5-OA content a and Δ5-OA yield b in unesterified fatty acid fraction after Lipozyme RM IM-catalyzed esterification as function of reaction time. For these experiments, the fatty acid:ethanol molar ratio, temperature, and enzyme loading were kept at 1:7, 25 , and 5 of the total substrate weight, respectively. All experiments were performed in duplicate.
tion are shown in Fig. 4 and Fig. 5 . The fatty acid:ethanol molar ratio, temperature, and enzyme loading were set at 1:7, 25 , and 5 of the total substrate weight, respectively.
In the second reaction Fig. 4 , the Δ5-OA content in the unesterified fatty acid fraction increased significantly from 51 to 86 mol in 10 h, whereas the Δ5-OA yield decreased sharply from 40 to 15 mol . In the third reaction Fig. 5 , the maximum Δ5-OA content was achieved in 16 h, with a Δ5-OA content of 96 mol and a total yield of 6 mol .
Fatty Acid Compositions of Initial Pine Nut Oil and
Δ5-OA Concentrates The fatty acid compositions of the initial pine nut oil and three Δ5-OA concentrates obtained by Lipozyme RM IMcatalyzed esterifications are shown in Table 1 .
The dominant fatty acid in the pine nut oil was linolenic acid C18:2 Δ9,12 with a content of 47 mol , followed by oleic acid C18:1 Δ9 , PLA C18:3 Δ5,9,12 , palmitic acid C16:0 , taxoleic acid C18:2 Δ5,9 , stearic acid C16:0 , and others. The initial pine nut oil contained three types of Δ5-OA, namely taxoleic acid C18:2 Δ5,9 of 2 mol , PLA C18:3 Δ5,9,12 of 14 mol , and sciadonic acid C20:3 Δ5,11,14 of 1 mol . Because Lipozyme RM IM discriminated strongly against Δ5-OA, the Δ5-OA was concentrated in the unesterified fatty acids fraction, and the other fatty acids were selectively converted to ethyl esters. In the first reaction, the Δ5-OA content increased to 51mol from 17 mol in the starting material. The second and third reactions enabled maximum Δ5-OA content, i.e., 96 mol with a 6 mol yield.
CONCLUSIONS
High purity Δ5-OA from pine nut oil was successfully obtained via repeated lipase-catalyzed esterification using Lipozyme RM IM. In all reactions, Δ5-OA including taxoleic acid, PLA, and sciadonic acid were selectively concentrated in the unesterified fatty acid fraction of reaction mixture. Through the first reaction, Δ5-OA was enriched from initial 16.7 to 50.8 mol . The Δ5-OA was concentrated from 50.8 to 85.8 mol in the second reaction and it was raised up to 95.9 mol in the third reaction. As a result, we could obtain maximum Δ5-OA content of ca. 95.9 mol . Fig. 4 Effects of second reaction on Δ5-OA content and Δ5-OA yield in unesterified fatty acid fraction after Lipozyme RM IM-catalyzed esterification as function of reaction time. For these experiments, the fatty acid:ethanol molar ratio, temperature, amount of added water, and enzyme loading were kept at 1:7, 25 , 0 , and 5 of the total substrate weight, respectively. All experiments were performed in duplicate. Fig. 5 Effects of third reaction on Δ5-OA content and Δ5-OA yield in unesterified fatty acid fraction after Lipozyme RM IM-catalyzed esterification as function of reaction time. For these experiments, the fatty acid:ethanol molar ratio, temperature, amount of added water, and enzyme loading were kept at 1:7, 25 , 0 , and 5 of total substrate weight, respectively. All experiments were performed in duplicate.
